Sirtuins (SIRTs), a family of nicotinamide adenine dinucleotide (NAD)-dependent deacetylases, are emerging as key molecules that regulate aging and age-related diseases including cancers, metabolic disorders, and neurodegenerative diseases. Seven isoforms of SIRT (SIRT1-7) have been identified in mammals. SIRT1 and 6, mainly localized in the nucleus, regulate transcription of genes and DNA repair. SIRT3 in the mitochondria regulates mitochondrial bioenergetics. Initial studies in yeasts, nematodes, and flies indicated a strong connection of SIRT with the life-prolonging effects of calorie restriction (CR), a robust experimental intervention for longevity in a range of organisms. However, subsequent studies reported controversial findings regarding SIRT roles in the effect of CR. This review describes the functional roles of mammalian SIRTs and discusses their relevance to mechanisms underlying the longevity effect of CR.
INTRODUCTION
Silencing information regulator 2 (Sir2) was originally identified as a protein essential for transcriptional silencing at the silent mating loci and telomeres (Gottschling et al., 1990; Rine and Herskowitz, 1987) . Sir2 was later established as an important regulator for many cellular processes, including cell cycle regulation (Dryden et al., 2003) , fatty acid metabolism (Starai et al., 2002) , gene silencing, and lifespan extension (Kaeberlein et al., 1999; Sinclair and Guarente, 1997) . In the budding yeast Saccharomyces cerevisiae, the finite replicative life span, defined as the number of times an individual cell divides before it undergoes senescence, has been established as a model for the genetic regulation of longevity (Mortimer and Johnston, 1959) . Replicative aging of yeast can be regulated by ribosomal DNA (rDNA) stability resulting from recombination between rDNA repeats and the accumulation of extrachromosomal rDNA circles (Fritze et al., 1997; Kaeberlein et al., 1999; Sincclair and Guarente, 1997) . Studies in S. cerevisiae demonstrated that an extra copy of the Sir2 gene increased lifespan, while deletions of this gene shortened lifespan (Kaeberlein et al. 1999) . Lin et al. (2000) showed that reducing the glucose concentration in media, as a calorie restriction (CR) model in yeast, increased the replicative lifespan in wild-type yeast, whereas reducing the glucose concentration failed to extend lifespan in the Sirt2-deleted yeast model. Furthermore, in Drosophila, an increase of Sir2 (dSir2) extended lifespan, whereas a decrease in dSir2 blocked the effects of CR on extending lifespan . These findings indicate that Sir2 has a critical role in the effects of CR on lifespan extension. However, another study demonstrated that Sir2 was not necessary in CRmediated lifespan extension (Lamming et al., 2005) . Moreover, in another report, Sir2 overexpression coupled with CR resulted in an additive longevity effect (Kaeberlein et al., 2004) , suggesting that lifespan extension by CR is unlikely to be mediated by Sir2.
Despite these controversial results, Sirt2 is currently being extensively investigated in the study of metabolism, aging and age-associated diseases, including cancer, diabetes, and neurodegenerative disorders. Understanding the function of Sir2 in the control of energy metabolism and lifespan is important, both for identifying new longevity pathways and for identifying new drug candidates for the improvement of human health. Here, we review the function of SIRTs, in particular in the areas of mammalian energy metabolism and longevity. In addition, we discuss the function of sirtuins and their relation to CR.
OVERVIEW OF SIRTUINS
Sirtuins are a family of NAD + -dependent protein deacetylases that are evolutionally conserved from yeast to human. Mammals contain seven Sir2 homologs (SIRT1-7, SIRTs, sirtuins) that share a common 275 amino acid catalytic domain. Mammalian sirtuins are localized in different subcellular compartments: SIRT1, -6, and -7 are predominately in the nucleus, SIRT2 is cytoplasmically localized, and SIRT3, -4, and -5 are located in the mitochondria (Frye, 2000; North and Verdin, 2004) . SIRT1 targets a number of substrates that regulate DNA damage, stress response, mitochondrial biogenesis, and glu- cose and lipid metabolism (Houtkooper et al., 2012) . SIRT2 controls cell cycle and glucose and lipid metabolism (Chalkiadaki and Guarente, 2012; Houtkooper et al., 2012) . SIRT3, 4, and 5 regulate ATP production, metabolism, apoptosis, and cell signaling (Haigis et al., 2006; Michishita et al., 2005; Onyango et al., 2002; Schwer et al., 2002) . SIRT6 is involved in genomic DNA stability and repair, and crucial in metabolism and aging Zhong et al., 2010) . No robust activity has been found for SIRT7 as of yet (Table 1) .
FUNCTIONS OF SIRTS IN MAMMALS

SIRT1
SIRT1 in the hypothalamic arcuate nucleus SIRT1, the most extensively studied member of the sirtuin family, regulates energy metabolism in the hypothalamus and is induced by a negative energy balance (Chen et al., 2008; Cohen et al., 2004) . SIRT1 is expressed in the orexigenic neuropeptide Y (NPY)/Agouti-related peptide (AGRP) and anorexigenic proopiomelanocortin (POMC) neurons, which are major components in regulating feeding and energy expenditure in the arcuate nucleus of the hypothalamus (Sasaki and Kitamura, 2010) . Several studies in mice and rats reported that SIRT1 regulates food intake and body weight by acting on the NPY/AGRP and POMC neurons (Cakir et al., 2009; Dietrich et al., 2010 ).
SIRT1 and cell survival SIRT1 regulates cell survival through deacetylation and subsequent inhibition of the tumor suppressor p53, which controls cell cycle arrest and apoptosis (Luo et al., 2001; Vaziri et al., 2001 ). SIRT1 also deacetylates FOXO1, FOXO3a and FOXO4, modulating cell cycle and reactive oxygen species (ROS) generation by increasing p27kip1, MnSOD (manganese superoxide dismutase), and GADD45 (growth arrest and DNA damage inducible protein 45) (Brunet et al., 2004; Daitoku et al., 2004; Kobayashi et al., 2005; van der Horst et al., 2004) . Studies in SIRT1-deficient and overexpressing mice identified SIRT1 as a positive regulator of telomere length, and showed that SIRT1 attenuates telomere shortening associated with aging (Palacios et al., 2010) .
SIRT1 and glucose/lipid metabolism SIRT1 has been connected with glucose and lipid metabolism (Moynihan et al., 2005; Picard et al., 2004; Rodgers and Puigserver, 2007; Rodgers et al., 2005) . Glucose uptake in peripheral tissues is promoted by insulin, thus insulin-secreting pancreatic beta cells are crucial in the regulation of glucose metabolism. Studies in pancreatic beta cells demonstrated that SIRT1 positively regulates insulin secretion through inhibition of uncoupling protein-2 (UCP2) Bordone et al., 2006) . Glycolysis and gluconeogenesis are major pathways for maintaining glucose homeostasis, and PGC1α is key factor in regulating both pathways (Rodgers and Puigserver, 2007) . SIRT1 deacetylates PGC1α and increases glucose levels (Rodgers et al., 2005) . SIRT1 is also involved in lipid metabolism and enhances fat mobilization in white adipose tissue through repression of peroxisome proliferator-activated receptor gamma (PPARγ) (Picard et al., 2004) . Additional studies showed that SIRT1 inhibits acetyl-CoA carboxylase and fatty acid synthase by activation of AMP-activated protein kinase (AMPK) and suppresses lipid accumulation in liver (Hou et al., 2008; Starai et al., 2002) .
SIRT2
SIRT2, a predominantly cytoplasmic protein, is increased during the mitotic phase of the cell cycle, and its overexpression delays mitotic exit (Chalkiadaki and Guarente, 2012; Dryden et al., 2003; Houtkooper et al., 2012) . SIRT2 also regulates NF-κB, which is involved in the immune and inflammation responses, apoptosis, cell proliferation and survival (Rothgiesser et al., 2010) , suggesting potential additional functions of SIRT2. SIRT2 also controls adipogenesis, as supported by the observation that enhanced FOXO1 binding to PPARγ by SIRT2-mediated FOXO1 deacetylation suppressed PPARγ transcriptional activity, resulting in inhibition of adipocyte differentiation (Wang and Tong, 2009 ).
SIRT3
SIRT3, localized in the mitochondrial inner membrane, is directly linked to longevity and highly expressed in long-lived individuals (Bellizzi et al., 2005) . Mitochondria are essential for cell survival and their dysfunction has been involved in metabolic diseases such as age-associated disease, neurodegenerative diseases and cancer. Functional studies showed that SIRT3 regulates mitochondrial biogenesis, and it is correlated with the expression of genes related to mitochondrial function, including PGC1α and UCP1 (Kong et al., 2010; Shi et al., 2005) . Moreover, SIRT3 deacetylates isocitrate dehydrogenase 2 (IDH2) and regulates mitochondrial redox status (Yu et al., 2012) . A recent study suggested that SIRT3 was regulated by nutrient excess. SIRT3 was downregulated in response to a high-fat diet, leadi n g t o d e v e l o p m e n t o f m e t a b o l i c s y n d r o m e through mitochondrial protein hyperacetylation (Green and Hirschey, 2013) . SIRT3 also appears to be an antioxidant protein, as SIRT3 reduced reactive oxygen species (ROS) through post-translational regulation of superoxide dismutase 2 (SOD2) via deactylation in response to oxidative stress (Chen et al., 2011) . Furthermore, SIRT3 is involved in fatty acid oxidation in the liver (Giralt and Villarroya, 2012) . This was supported by evidence in SIRT3-knockout mice demonstrating increased palmitoylcarnitine and triacylglycerols in the liver and various acylcarnitines in the blood (Hallows et al., 2011; Hirschey et al., 2010) . SIRT3 is also expressed abundantly in the heart, and its overexpression is protective against cardiac hypertrophy, while SIRT3 depletion enhances susceptibility to hypertrophy (Sundaresan et al., 2009 ). Together, this suggests a link between SIRT3 and cardiac function. Overall, the data surrounding SIRT3's involvement in aging, cardiac homeostasis, fatty acid metabolism, mitochondrial biogenesis and adaptive thermogenesis supports its importance as a regulator of energy metabolism and a potential pharmacological target. SIRT4 SIRT4, another mitochondrial protein, has ADP-ribosyl-transferase activity, but unlike SIRT1-3, lacks NAD-dependent deacetylase activity (Haigis et al., 2006) . The only identified substrate found thus far for SIRT4 is glutamate dehydrogenase (GDH), an enzyme that converts glutamate to α-ketoglutarate in mitochondria. SIRT4 inhibits GDH activity through ADP-ribosylation and promotes insulin secretion through increase of ATP (Haigis et al., 2006) . SIRT4 is also associated with the regulation of fatty acid oxidation in liver and muscle, although the mechanisms underlying these regulations are still unclear (Nasrin et al., 2010) .
SIRT6
SIRT6 is predominantly nuclear, and reportedly resides in the nucleolus (Ford et al., 2006; Mostoslavsky et al., 2006) . SIRT6 is a unique member among the SIRT proteins, in that it has both deacetylation and ADP-ribosylation activities. SIRT6 is likely linked to cellular metabolism and aging. A study of mice with a targeted deletion of SIRT6 showed that SIRT6 is essential for survival and controls glucose homeostasis through HIF-1α (Mostosalvsky et al., 2006; Zhong et al., 2010) . SIRT6 interacts with NF-κB and deacetylates histone H3 lysine 9 (H3K9) at NF-κB target gene promoters leading to inactivation of many of the same transcriptional programs observed in aged tissues, including genes controlled by NF-κB (Kawahara et al., 2009 ). In addition, SIRT6 participates in the regulation of DNA stabilization and repair through its specific histone H3 lysine 56 (H3K56) deacetylase activity (Michishita et al., 2008; Yang et al., 2009) . These data suggest that SIRT6, along with SIRT1, is a key member of the SIRT family that exerts a wide range of actions in the regulation of cellular physiology and aging.
The other SIRT proteins
The other SIRT proteins, SIRT5 and SIRT7, are not well investigated. SIRT5 was characterized as a mitochondrial protein with weak deacetylase activity (Michishita et al., 2005; North et al., 2003) . SIRT5 was reported to deacetylate carbamoyl phosphate synthetase 1 (CPS1) during fasting and activate ammonia detoxification through the urea cycle (Nakagawa et al., 2009) . SIRT7 is associated with activation of RNA polymerase I transcription (Ford et al., 2006) , although no substrate has been found for SIRT7 as yet.
Relevance of SIRTs to the longevity effect of CR SIRT1, 3, and 6 are the most extensively studied members of the SIRT family in regard to the longevity effects of CR. These SIRTs were likely first examined because protein levels of all three isoforms are elevated in CR animals, although this increase seems to be tissue specific Kanfi et al., 2008; Palacios et al., 2009 ). CR induces physiolog- Table 1 for abbreviation).
ical and behavioral changes, such as reduced growth factor, glucose, and triglycerides, and increased locomotor and foraging activity (McCarter et al., 1997; Weed et al., 1997; Weindruch et al., 1988) . However, the increased physiological activity in response to CR was diminished in SIRT-deficient (SIRT1-KO) mice , suggesting that one of the parameter of CR, increase of physiological activity requires SIRT1. CR mice live longer (Koubova and Guarente, 2003) , whereas the SIRT1-KO mice had shortened lifespan in adlibitum or CR conditions compared with wild-type mice (Li et al., 2008) . This data suggests that SIRT1 is a key factor in the regulation of physiological changes and lifespan extension induced by CR. Moreover, SIRT1 overexpressing mice exhibit several phenotypes resembling CR mice: they are leaner, metabolically more active, and show low insulin and fasted blood glucose levels (Bordone et al., 2007) . However, the requirement for SIRT1 in CRmediated lifespan extension is under debate, as the mechanism of SIRT1 activation in response to CR remains unclear and because CR increases SIRT1 levels in some tissues (Chen et al., 2008) .
Resveratrol, a polyphenolic compound found in grapes, extends lifespan in yeast, worms, flies in a Sir2-dependent manner (Howitz et al., 2003; Wood et al., 2004) . However, neither resveratrol nor overexpression of SIRT1 was found to extend lifespan in mice fed standard diets Pearson et al., 2008) . Resveratrol improved mitochondrial function and protected against high fat-induced obesity through SIRT1 and PGC1α (Lagouge et al., 2006) . However, whether resveratrol and SRT1720 directly activate SIRT1 is still under debate, as SIRT1 activation by these compounds was induced only when a fluorophore tag was covalently attached to the peptide substrate, as in the initial compound screens (Borra et al., 2005; Kaeberlein et al., 2005; Pacholec et al., 2010) . CR and resveratrol increase endothelial-derived nitric oxide (NO) (Csiszar et al., 2009; Nisoli et al., 2005) , an important regulator of vascular relaxation and endothelial senescence (Oemar et al., 1998) . Mattagajasingh et al. (2007) showed that SIRT1 increases NO through deacetylation of eNOS. Further studies are required to determine whether CR-mediated beneficial functions in vascular senescence result from increased SIRT1.
AMPK, a nutrient and energy sensor, is closely related to SIRT1 as a fuel-sensing molecule, as both are regulated by cellular energy balance. SIRT1 activity is regulated by AMPKmediated increase of cellular NAD + levels and the [NAD (Cantó et al., 2009; Imai et al., 2000; Landry et al., 2000) . The observation that AMPK modulates the activity of SIRT1 targets, including PGC1a, FOXO1 and FOXO3a transcription factors, raises the possibility that AMPK and SIRT1 are implicated in beneficial functions of CR on metabolic adaptation (Cantó et al., 2009) . The mechanism by which CR activates SIRT1 is still under debate. In a study in yeast, CR did not affect NAD + levels, but lowered NADH levels , while in mammals NADH levels were unchanged in response to CR Nemoto et al., 2004; Rodgers et al., 2005) . In a subsequent study, Wang et al. (2012) demonstrated that CR enhanced phosphorylation of AMPK in skeletal muscle, indicating that activation of SIRT1 by AMPK can occur in CR, at least in skeletal muscle.
The NAD + salvage pathway is important in regulating SIRT1 deacetylase activity. NAD + is hydrolyzed to NAM, which inhibits SIRT1 deacetylase activities (Bitterman et al., 2002; Fulco et al., 2008; Sauve et al., 2005) and O-acetyl-ADP-ribose (Borra et al., 2002; Tanner et al., 2000) . Intracellular NAD + levels and SIRT1 function are regulated by nicotinamide phosphoribosyltransferase (NAMPT), which functions to resynthesize NAD + from NAM (Revollo et al., 2004 (Fulco et al., 2008) . Therefore, in skeletal muscle, it is likely that activation of NAMPT by AMPK leads to increased NAD + levels, which enhance SIRT1 deacetylase activity.
Although SIRT1 is the best-characterized mammalian sirtuin in the effects of CR, SIRT3 also seems to have an important role in CR. Someya et al. (2010) showed that SIRT3 is required for the CR-mediated prevention of age-related hearing loss and oxidative damage. Furthermore, SIRT3-KO mice showed a diminished protective effect of CR on oxidative stress (Qiu et al., 2010) , indicating that SIRT3 is involved in defense programs against oxidative stress.
CR-linked metabolic reprogramming for efficient energy utilization and reduction in oxidative stress is regulated by mitochondrial protein function (Sohal and Weindruch, 1996) . A recent paper showed that SIRT3 modulates mitochondrial protein acetylation in response to CR (Hebert et al., 2013) . SIRT3 is also involved in human longevity. A variable number of tandem repeat (VNTR) enhancer found in the SIRT3 gene has an allele-specific enhancer activity, and the allele completely lacking enhancer activity is virtually absent in long-living individuals (Bellizzi et al., 2005) .
SIRT6 shares similar functions with SIRT1, such as protection against high fat diet (HFD)-induced metabolic damage (Pfluger et al., 2008) and negative regulation of NF-κB (Kawahara et al., 2009; Yeung et al., 2004) . Although only observed in male mice, SIRT6 is the only protein in the SIRT family that extends mammalian lifespan (Kanfi et al., 2012) .
Given these functions of SIRTs in the longevity effect of CR, SIRTs could be important regulators of beneficial CR-mediated functions in mammals (see Fig. 1 ).
CONCLUSION
The multifunctional SIRTs regulate cellular and whole-body metabolism processes, such as cell survival, glucose/lipid metabolism, mitochondrial biogenesis, adaptive thermogenesis, and DNA stabilization and repair. Resveratrol, a well-known SIRT1 activator, helps prevent metabolic disorder by increasing glucose utilization and insulin sensitivity, and improves survival of mice fed a high-calorie diet. The numerous studies discussed here clearly support a close involvement of Sir2/SIRT1 in CRmediated lifespan extension. The results also raise the possibility that SIRT1 may not be the only factor, but rather one of several components that regulate CR-mediated lifespan extension, as neither overexpression of SIRT1 nor resveratrol extended lifespan in mammals. Notably, Chen et al. (2008) showed that CR does not increase SIRT1 in whole tissue. It is likely that the use of tissue-specific SIRT1 transgenic mice could be more effective in clarifying the role of SIRT1 in CR-mediated lifespan extension. Although there are some functional overlaps among the SIRT family members, each SIRT isoform generally exhibits a unique function in CR, indicating that SIRTs may be essential for the longevity effect of CR. Studies of overexpressed SIRT1, 3, and 6, which are increased by CR, could be a reasonable focus for future research to identify longevity mechanisms involved in CR. Moreover, further studies should be performed to identify other factors for CR-mediated lifespan extension, in particular the connections between SIRTs and other longevity factors, such as AMPK, insulin/IGF1 signaling and FOXO proteins.
